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ABSTRACT
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The unfolded protein response (UPR) is a well conserved mechanism in
eukaryotes that protects organisms from the damaging effects of endoplasmic
reticulum (ER) stresses. Activation of the UPR will lead to two outcomes. It first
attempts to restore cellular functions by enhancing protein folding capacity, inhibiting
protein synthesis and promoting degradation of harmful proteins (the pro-survival
pathway). However, if the stressful conditions are prolonged or severe, apoptosis
will be induced (the pro-apoptotic pathway). The present study suggests that an
isoform of the cellular protein Zhangfei (ZF, CREBZF) is linked to the pro-apoptotic
pathway in the UPR by using DNA, protein and cell viability analyses. This isoform
is known as the short-tail ZF (stZF). We demonstrated that stZF can be induced by
prolonged ER stress. The protein of stZF is stable under ER stress and it has the
ability to promote programmed cell death in the early stage of apoptosis through the
induction of CHOP, a protein that plays a key role in the pro-apoptotic pathway of the
UPR.
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Chapter 1: Introduction
1.1 The endoplasmic reticulum and endoplasmic reticulum stress
The endoplasmic reticulum (ER) is an eukaryotic organelle responsible for the
synthesis, folding, modification and delivery of secretory and cell-surface proteins
(Rutkowski & Kaufman, 2004). ER is also responsible for the synthesis of
phospholipids and steroids on the cytosolic side of the ER membrane (Voeltz et al.,
2002). Other major functions of the ER include the storage of calcium and regulation
of its concentration, metabolism of steroids, and drug detoxification (Koch, 1990;
Marciniak & Ron, 2006; Zhao & Ackerman, 2006).
In eukaryotic cells, most secretory proteins and transmembrane proteins are
cotranslationally transported into the lumen of the ER in their unfolded state (Credle
et al., 2005). The nascent proteins may fold to an inappropriate conformation and
aggregate, causing the amount of unfolded proteins to accumulate in the ER. If the
influx of nascent or unfolded proteins exceeds the folding capacity of the ER, the
normal physiological state of the ER is perturbed, creating ER stress (Schroder &
Kaufman, 2005).
ER stress can arise from various reasons. In fact, endogenous biological
processes that alter the homeostatic environment of the ER can cause ER stress
(Rutkowski & Kaufman, 2004). Other common biological and environmental causes
include viral infections (Umareddy et al., 2007), oxidative stresses and
overexpression of mutated proteins (Austin, 2009). In the laboratory, researchers
often use pharmacological chemicals such as Thapsigargin (Tg), Dithiothreitol (DTT),
Brefeldub A (Brefeldin) and Tunicamycin (Tm) to induce ER stress (Kyriakakis et al.,
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2010). Regardless of the causes, ER stress will activate an adaptive mechanism
called the unfolded protein response (UPR) (Credle et al., 2005).

1.2 Unfolded protein response (UPR)
The UPR has two main goals. First, the UPR mechanisms attempt to restore
the cellular functions by increasing the production of proteins like chaperones to help
maintain the proper folding of proteins; proteins like eIF2α will be phosphorylated to
slow down protein translation (Rutkowski & Kaufman, 2004). However, if the stress
is persistent or the normal cellular functions are not restored within a certain time
lapse, apoptosis will be induced (Knowlton, 2007). These two goals of the UPR can
be achieved by the activation of three different signal transduction pathways (ATF6,
IRE1 and PERK) which are widely conserved in the eukaryotic organisms and
mammalian cells (Figure 1). Each pathway is activated by a different signalling
protein (Schroder & Kaufman, 2005).
However, it is still not clear how the cells initiate the UPR. The pre-dominant
model proposes that the transmembrane proteins ATF6, IRE1 and PERK are bound
to luminal chaperone immunoglobulin heavy chain binding protein (BiP) / 78 kDa
glucose-regulated protein (GRP78) under normal condition. The BiP/GRP78
belongs to heat shock protein 70 kDa (Hsp70) family (Vollme et al., 2010) and it is
believed to be the master regulator and sensor of the UPR (Cnop et al., 2012).
Upon accumulation of misfolded proteins, ATF6, IRE1 and PERK will dissociate from
BiP/GRP78, and these proteins are free to activate a specific signalling pathway of
the UPR (Cnop et al., 2012; Rutkowski & Kaufman, 2004). The released BiP/GRP78
will be bound and sequestered by unfolded proteins, to stabilize them in a foldingcompetent state (Schroder & Kaufman, 2005; Kaufman et al., 2003).
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Figure 1. The three main signalling pathways (PERK, ATF6 and IRE 1) of the unfolded
protein response (UPR)

When the UPR is trigged, all three main signaling pathways will be activated to
relieve ER stress and promotes cell survival. Global protein translation is attenuated
by eIF2α, which is phosphorylated and activated by PERK. This prevents the
synthesis of new proteins. Activation of the ATF6 and IRE1 pathways will upregulate
chaperones and other proteins that help with the removal of misfolded proteins. If
the ER stress is severe or prolonged, ATF4 will be selectively expressed to induce
the pro-apoptotic protein CHOP (not shown) and switch the cell to a pathway of
apoptosis (Taken from Rutkowski & Kaufman, 2004).
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1.2.1 The activating transcription factor 6 (ATF6) pathway
The activating transcription factor 6 (ATF6) is a type II transmembrane
domain protein anchored in the ER membrane; it has a basic leucine zipper (bZIP)
transcription factor in the cytosolic domain (Schroder & Kaufman, 2005). Haze and
colleagues (1999) determined that ATF6 has two isoforms, the ATF6α and ATF6β.
ATF6α has 670 amino acid residues and ATF6β has 703. Haze and colleagues
(2001) later demonstrated that both isoforms are cleaved under ER stress,
generating a protein around 50 kDa. The cleavage releases an N-terminal fragment
with the bZIP domain from the ER membrane and the fragment translocates into the
Golgi apparatus. In the Golgi complex, the ATF6 fragment is cleaved by Site-1
protease (S1P) and Site-2 protease (S2P). These proteolytic reactions release the
cytosolic bZIP domain of ATF6 into the nucleus (Haze et al., 1999).
In the nucleus, the cleaved ATF6 binds to the ATF/cAMP response element
(Wang et al., 2000) as well as the ER stress response elements (ERSE-I and ERSEII) (Kokame et al., 2001). The binding between ATF6 and the ER stress response
elements is necessary for the induction of at least three major ER chaperones
( BiP/GRP78, GRP94, and calreticulin) (Kokame et al., 2001). Chaperones are a
class of proteins that assist the folding and unfolding of macromolecular structures
(Yamagish et al., 2012). All in all, the ATF6 pathway plays a main role in the
induction of chaperones that help maintain the proper folding of proteins or
upregulate the protein folding capacity of the ER (Rutkowski & Kaufman, 2004;
Wang et al., 2000; Pearl & Prodromou, 2006).
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1.2.2 The inositol requiring 1 (IRE1) pathway
The inositol requiring 1 (IRE1) is a type I transmembrane serine/threonine
protein kinase receptor and it is activated in the UPR. When IRE1 is activated, it can
signal adaptive responses, transcriptional induction, and translational attenuation
(Liu et al., 2002). The accumulation of unfolded proteins in the ER can promote
dimerization and trans-autophosphorylation of IRE1. This activates IRE1 (Welihinda
& Kaufman, 1996) in a time-dependent manner. Recently, one study showed that
under prolonged ER stress, the IRE1 enters a refractive state in which it will no
longer respond to the unresolved ER stress (Li et al, 2010)
Once the IRE1 is activated, its endoribonuclease domain is capable of
cleaving RNA. The only known substrate of the site specific endoribonuclease of
IRE1 is the X-box binding protein 1 (XBP1) mRNA (Calfon et al., 2002). Yoshida
and colleagues (2001) demonstrated that the XBP1 produces an inactive protein with
261 amino acids under normal conditions; however, when UPR is activated, the
XBP1 mRNA will be spliced by IRE1, which removes an intron of 26 nucleotides and
leaves the bZIP domain in the N terminus. This splicing reaction creates an active
protein with greatly increased transcriptional activation potential (Schroder &
Kaufman, 2005).
The active XBP1 translocates to the nucleus, and it can remedy the ER stress
by activating the chaperones via the ER stress response element (ERSE) (Yoshida
et al., 2001). In addition of upregulating the expression of chaperones, XBP1 is also
shown to bind the unfolded protein response element (UPRE) to upregulate the
expression of ER-degradation-enhancing α-manosidase-like protein (EDEM) (Liang
et al., 2006; Nagamori et al., 2005), resulting in the degradation of misfolded and
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unfolded proteins. This pathway is also known as the ER-associated degradation
(ERAD) (Hosokawa et al., 2001). In conclusion, the IRE1 pathway upregulates the
expression of chaperones and plays a key role in the removal of misfolded proteins.

1.2.3 The pancreatic eukaryotic initiation factor subunit 2α (eIF2α)
kinase (PERK) pathway
The pancreatic eukaryotic initiation factor subunit 2α (eIF2α) kinase (PERK) is
structurally similar to the IRE1, which is also a type I transmembrane
serine/threonine protein kinase receptor (Liu et al., 2002). Its protein kinase activities
and dimerization are regulated by the stress-sensing domains (Hamanka et al.,
2005). There are two effectors for the PERK. One is called the eukaryotic
translation initiation factor 2α (eIF2α) (Harding et al., 2000). When the UPR is
activated, the α-subunit of eIF2 will be phosphorylated and it can contribute to the
repression of global proteins translation (Cullinan & Diehl, 2004). Attenuation of
translation by the PERK pathway is believed to promote cell survival, as it can limit
the influx of new proteins into the ER and therefore limit the build-up of unfolded or
misfolded proteins (Hamanka et al., 2005). The second substrate of PERK is the
NF-E2-related factor 2 (Nrf2) transcription factor. The Nrf2 plays a key role in the
regulation of cellular redox metabolism, thereby promoting the adaptive response
(Cullinan & Diehl, 2004). In addition to mediating translation inhibition, the PERK
pathway also contributes to the translation attenuation of cyclin-D1 (a protein that
regulates cell cycle progression), provoking the cells to enter G1 arrest and allowing
the recovery of cellular homeostasis (Brewer et al., 1999).
In summary, the pro-survival PERK pathway protects the cells from ER stress
induced apoptosis by preventing the build-up of misfolded proteins, regulating the
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cellular redox metabolism to lower oxidative stresses and arresting the cells in G1
phase to allow the restoration of normal cellular functions. However, if the ER stress
is prolonged or severe, the pro-apoptotic PERK pathway is activated. This can be
achieved by the induction of ATF4 expression (Armstrong et al., 2010).
As discussed earlier, phosphorylation of eIF2α can cause repression of global
protein translation. The ATF4 mRNA has a special mechanism for its translation
(Figure 2). The ATF4 mRNA has 2 upstream open reading frames (uORF), uORF1
and uORF2. Translation of ATF4 is controlled by these two uORFs (Vattem & Wek,
2004). Vattem and Wek (2004) proposed a model for the translation of ATF4 under
cellular stress. The positive-acting uORF1 will always get translated first. The
ribosome may have the ability to reinitiate translation at the downstream ORF
depending on the availability of eIF2-GTP. Under non-stressful conditions, eIF2GTP is plentiful, and it can bind Met-tRNA. The eIF2-GTP-Met-tRNA will associate
with the ribosome, and thus, the ribosome retains its capacity to reinitiate translation
of the inhibitory-uORF2. Once the uORF2 is translated, ribosome will dissociate
from the ATF4 mRNA, and will not be able to translate the ATF4 coding region.
However, the eIF2-GTP level will be low when the cell is under ER stress. After the
translation of uORF1, it takes a longer time for the reacquisition of eIF2-GTP to
couple with Met-tRNA. This allows the 40S ribosomal subunits to scan through
(bypass) uORF2 and subsequently reacquire the eIF2 ternary complex, which
facilitates translational expression of ATF4.
The synthesis of ATF4 will induce the expression of genes associated with the
amino acid response elements (AARE). Several pro-apoptotic genes will also be
induced, such as ATF3, and the C/EBP homologous protein (CHOP) /growth arrest
and DNA damage-inducible protein 153 (GADD153), which is a major downstream
7

target. It should be noted that all the genes mentioned above possess more than
one start codon and are regulated in a similar manner. CHOP is also known as
DNA-damage-inducible transcript 3 (DDIT3) (Kawahara et al., 2001). ATF4 activates
CHOP by binding to the C/EBP-ATF element in the CHOP promoter region (Ma et
al., 2002). This shifts the cell from the pro-survival to the pro-apoptotic state
(Schroder & Kaufman, 2005).
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Figure 2. Translational Regulation of ATF4

Translation of ATF4 is regulated by two upstream open reading frames (uORF1 and
uORF2). Ribosome will always translate the first open reading frame, the positive
acting uORF1. Under non-stressful conditions, eIF2-GTP bound Met-tRNA (the
complex is required for translation initiation) is abundant and associates with
ribosome, and therefore, the ribosome retains ability to reinitiate translation of the
negative acting uORF2 which inhibits the translation of the ATF4 ORF. When the
cell is under stress, fewer eIF2-GTP is available to bind ribosome. The ribosome will
scan through but will not be able to reinitiate translation of uORF2. In this case, the
ribosome will start translation using the ATF4 ORF and ATF4 polypeptides can be
produced (modified from Vattem & Wek, 2004).
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1.3 Apoptosis
The unfolded protein response evolved as an adaptive and protective
mechanism to promote cell survival by resolving the ER stress caused by unfolded
proteins (Rutkowski & Kaufman, 2004). If this goal is not achieved within a certain
time lapse, apoptosis will be initiated. The term apoptosis was introduced in 1972 to
distinguish a mode of cell death with characteristic morphology, highly regulated and
self-driven mechanisms (Wyllie, 2010). Researchers who study apoptosis usually
look for the presence of certain apoptotic markers. Several major apoptotic markers
and techniques used in the analyses of cell survival and apoptosis will be described

1.3.1 The C/EBP homologous protein/growth arrest and DNA
damage-inducible protein 153 (CHOP/GADD153)
The CHOP is a member of the leucine zipper proteins. Like the other typical
leucine zipper proteins, CHOP has a DNA binding domain and a basic leucine-zipper
domain that can dimerize with other transcription factors (Ubeda & Habener, 2003).
CHOP plays a major role in mediating growth arrest and apoptosis in a p53independent pathway (Matsumoto et al., 1996). Studies showed that the induction of
CHOP is specifically associated with ER stress and the UPR (Kawahara et al., 2001).
CHOP is ubiquitously expressed at low levels under normal conditions, and its
expression will greatly increase when the cells are exposed to stresses (Ubeda &
Habener, 2003). Disruption of the CHOP in mice showed delayed and reduced
apoptosis in response to ER stress (Oyadomari et al., 2002). Recently, researchers
(McCullough et al., 2001; Chiribau et al., 2010) revealed that CHOP might not
directly induce apoptosis but sensitize cells to oxidative insults and down-regulate Bcell lymphoma 2 (a gene that inhibits apoptosis and promotes cell proliferation).
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The mechanism of how CHOP mediates apoptosis is still under investigation.
Researchers in general believe that the induction of CHOP is correlated with the
onset of apoptosis (Eymin et al., 1997). Expression of CHOP can be easily detected
by western blots.
The CHOP is regulated in a complicated manner at both post transcriptional
and translational level. Firstly, Bruhat et al. (1997) showed that stability of CHOP
mRNA is very low in the presence of leucine, and the mRNA stability greatly
increases in the absence of leucine. This suggests that amino acid deprivation may
regulate expression of CHOP. Secondly, Jousse et al. (2001) discovered that there
is a set of three upstream AUGs (uAUG) in the 5’ untranslated region in the CHOP
mRNA. The researchers concluded that the third uAUG has a minor repressive
effect on the translation of downstream AUG in the coding region, but the second
uAUG has the strongest repressive effect regardless of whether the cell is under ER
stress or not. Removal of all three uAUGs increase translational activity by about 10
fold. However, how the ribosome bypasses the uAUGs to initiate translation of the
coding region is not known. In fact, the expressions of many regulatory proteins are
controlled by the uAUG in the 5’ untranslated region of the mRNAs. One example is
the expression of ATF4, as discussed earlier. It has been hypothesized that the two
most common strategies to bypass the repressive uAUGs are ribosomal leaky scan
(ribosome does not translate the uAUG) and ribosomal re-initiation (ribosome
translate both the uAUG and the main AUG in the coding region) (Wang & Rothnagel,
2004).
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1.3.2 The cell executioners: caspases
All forms of apoptosis involve the degradation of cellular proteins. This
process is highly controlled and regulated. The degradation of cellular proteins is
caused by a specific set of cysteine proteases (Kerr et al., 1972). This large set of
protein family is known as the caspases. All known caspases possess an active-site
cysteine, which is capable of cleaving substrates after an aspartate residue
(Thornberry et al., 1997). Nevertheless, proteins cleaved by caspases may not get
degraded. Target site cleavage by caspases is a highly selective process; this
process can be used as a means for protein activation or de-activation (Hengartner,
2000). The most common method to measure protease activity of caspase is to add
caspase-specific peptide conjugated with a fluorescent reporter to cell lysate. The
fluorescent reporter will be exposed and released when the peptide is cleaved by the
desired type of caspase, and thus, fluorescence can be quantified to infer caspase
activity (Brady, 2004).
The central “executioner” in the caspase family is the caspase 3. Caspase 3
exists as a 30kDa inactive proenzyme (p30). It must undergo proteolytic processing
at the aspartic residues to produce two active subunits with 12 and 17kDa (p12 and
p17). The induction of active subunits is often considered a marker for early
apoptosis (Harrington et al., 2008). Western blot is a simple and convenient means
to analyze the expression of caspase-3. Antibodies raised against the proenzyme
and the two active subunits are commercially available.
The cleavage (activation) of caspase 3 proenzyme (pro-caspase 3) is
performed by caspase 8 and caspase 9 (Figure 3). Once the pro-caspase 3 is
cleaved, the subunits will form a heterotetramer containing two p17/p12
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heterodimers (Hengartner, 2000). The active caspase 3 will cleave cellular proteins
to destroy their cellular functions, or it can activate other proteins that participate in
the apoptotic process. One example is the activation of caspase-activated
deoxyribonuclease, an enzyme that is responsible for the fragmentation of genomic
DNA in the late stage of apoptosis. The mechanism will be discussed later.
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Figure 3. Activation of caspase 3

The activation of caspase 3 requires the participation of two other members from the
caspase family. Caspase 9 is activated by the intrinsic pathway which responds to
stimuli like physical and chemical cellular stressors. The caspase 8 is activated by
the extrinsic pathway. The extrinsic pathway is mediated by the binding of
extracellular death ligands such as the Tumor Necrosis Factor (TNF) and the death
receptor on the cell surface. The activation of both intrinsic and extrinsic pathway is
required to activate caspase 3, to proceed to the execution phase of apoptosis
(Taken from Harrington et al., 2008).
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1.3.3 DNA fragmentation (laddering)
Classical apoptotic cells exhibit certain morphological and biochemical
characteristics that distinguish them from other forms of cell death. Another hallmark
event of apoptosis is the fragmentation of the genomic DNA ( Nagata, 2000; Brady,
2004). Brady (2004) suggested that as much as 30% of the chromatin can be
cleaved between nucleosomes at the linker sites, resulting in oligomers with different
sizes (Figure 4). Gong et al. (1994) claimed that DNA fragmentation can be
detected from samples with only 8% of apoptotic cells. Assays involving the
detection of fragmented DNA are widely used in studies to reveal apoptotic cells in
intact tissues, as changes of morphological features on cell surface do not link well
to the timing of apoptosis (Nagata, 2000).
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Figure 4. DNA fragmentation (laddering)

In eukaryotes, the genomic DNA wraps around an octamer of histone protein core.
One unit of this DNA-protein structure is known as nucleosome. The eukaryotic
chromatin is formed by the repeating fundamental units of nucleosomes. Each
nucleosome is connected by the linker DNA. At the late stage of apoptosis, the
deoxyribonuclease will cleave the linker DNAs at different positions. This produces
DNA fragments with different sizes. Since one unit of nucleosome has about 180
base pairs, when the DNA fragments are subjected to gel electrophoresis, multiples
of 180 base pairs will be visualized on the gel. The DNA fragments have a
laddering pattern on the gel, and therefore, DNA fragmentation assay is also known
as DNA laddering assay.
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The cleavage of genomic DNA is mediated by a caspase-activated
deoxyribonuclease (CAD) (Enari et al., 1998). In his paper, Nagata (2000) described
a model for the regulation of CAD (Figure 5). In non-apoptotic cells, a protein factor
is always purified with the CAD. This factor has an inhibitive effect on CAD and
therefore, is designated inhibitor of CAD (ICAD). When CAD is synthesized on
ribosomes, ICAD binds to the nascent chain of CAD, and ensures its proper folding.
After the synthesis of CAD is completed, the binding between CAD and ICAD
remains. When apoptotic stimuli are present, caspase 3 is activated. The activated
caspase 3 will cleave the ICAD, thus destroying the binding of CAD-ICAD. The free
form of CAD is able to enter the nucleus and cleave chromosomal DNA. The
fragmentation of genomic DNA is irreversible and believed to be the last step of
apoptosis.
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Figure 5. Caspase-activated deoxyribonuclease (CAD) and its inhibitor (ICAD)

The newly synthesized nascent polypeptide chain of CAD is not stable. It requires
aid from the ICAD to fold into mature protein. In cells with the absence of apoptotic
signals, ICAD-CAD exists as a protein complex and CAD is inactivated by the ICAD.
When the cell undergoes apoptosis, ICAD will be cleaved and degraded by caspase
3. The cleavage of ICAD allows the activation of CAD (modified from Nagata, 2000).
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1.3.4 Cell survival and metabolism
Another hallmark of apoptosis in eukaryotic cells is the inability to carry out
redox (reduction-oxidation) reactions. Many important biological and metabolic
processes rely on redox reactions. The two most well-known examples are oxidation
of glucose (cellular respiration or mitochondrial oxidative phosphorylation) and
photosynthesis (Campbell et al., 2006). Cellular respiration involves a series of
redox reactions which takes place in several electron-transfer complexes (electron
transport chain) in the mitochondrion. The goal of this process is to pass electrons
between the donors and acceptors to generate proton gradient, which drives the
synthesis of Adenosine-5'-triphosphate (ATP) as an energy source (Rich, 2003;
Figueroa-Romero et al., 2008).
Many viability assays are designed to monitor metabolic and redox processes
in cells. Earlier studies often employed the use of radioactive molecules such as [3H]
thymidine incorporation, which measures the rate of DNA synthesis. However, the
radioactive materials are dangerous to researchers and their disposals are costly
(Voytik-Harbin et al., 1998). In 1980s, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) and XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide) assays were introduced, but both methods were
labor intensive and toxic to the cell cultures and humans (Uzunoglu et al., 2010;
Repp et al., 2007; Nasiry et al., 2007; Nakayama et al., 1997).
Recently, the Alamar Blue viability assay has gained popularity in cell culture
studies due to its lack of toxicity, high sensitivity, stability and cost-effectiveness
(Larson et al., 1997). This quantitative assay consists of resazurin, a redox indicator
that acts as an intermediate electron acceptor in the electron transport chain. Once
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the resazurin accepts two electrons, it will convert to the fluorescent reporter
molecule resorufin which can be easily measured by fluorometric reading (Larson et
al., 1997). Fluorescence intensity is an indicator of cell viability.

1.4 Unfolded protein response and diseases
The pathways and the mechanisms of the UPR discussed above are well
conserved in eukaryotic cells. The relationship between impaired UPR functions and
many human diseases is also well documented. A few examples of diseases related
to the UPR are discussed below.
The Wolcott-Rallison syndrome (WRS) is an autosomal-recessive disorder
characterized by pancreatic β cell death. Patients diagnosed with WRS often have
permanent neonatal or early-infancy insulin-dependent diabetes, multiple epiphyseal
dysplasia, growth retardation, and variable multisystemic clinical manifestations
(Senee, 2004). Kaufman (2002) explained that when glucose level declines, the ER
may not have enough energy to maintain the proper folding of proteins, and thus
activating the UPR. Conversely, a rise in blood glucose may lead to elevated
proinsulin translation, which activates the PERK mediated phosphory lation of eIF2α
pathway to slow down protein translation. Both conditions may lead to excess
activation of the UPR, causing pancreatic β cell death. Kaufman (2002) further
suggested that type 2 diabetes may be caused by the same mechanism, but may
also involve insulin resistance and hyperglycemia (blood sugar level being
consistently too high).
The UPR is also demonstrated to play a main role in the progression and
treatments of many types of cancers. Human tumours usually exist in an
environment where oxygen and glucose are deprived (Scriven et al., 2009). Under
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mild to moderate stresses, the UPR is activated to protect the cells from apoptosis,
which enables tumour cells to withstand stressful stimuli (Scriven et al., 2009). The
activation of UPR’s protective mechanisms is also linked to the poor clinical outcome
in treating cancers (Schlappack et al., 1991). High level of UPR activation has been
shown to inhibit chemosensitivity and contribute to the development of antioestrogen resistance (Scriven et al., 2009). Breast cancer cells rely on oestrogen to
grow, and oestrogen suppression has been used as a means for treating breast
cancers (Williams, 2010). This example shows that the protective properties of the
UPR may interfere with the efficiency of treatments.
Studies also showed that many neurodegenerative disorders like Alzheimer’s,
Huntington’s, Parkinson’s, and prion diseases are related to the UPR (Haynes et al.,
2004). Manipulating the endoplasmic reticulum stress pathway as a means of
treatment has yielded some promising results (Flamments et al, 2010). It’s clear that
many diseases are linked to the UPR; it is valuable and important to understand the
pathways and mechanisms of the UPR. Recently, research suggested that a gene
called Zhangfei (ZF) may play a role in the UPR, especially in the pro-apoptotic
PERK pathway (Li, 2008).

1.5 Zhangfei (ZF)
1.5.1 Overview
Zhangfei (ZF) is also known as CREBZF and SMILE (SHP-interacting leucine
zipper protein) (Xie et al., 2008). Similar to many proteins involved in the UPR, ZF is
a bZIP transcription factor (structure of ZF is detailed below) and it belongs to the
cyclic AMP response element-binding (CREB) protein family. The CREB proteins
have many functions in different organs. Their functions have been extensively
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studied in relation to the brain. They are involved in circadian rhythms, drug
addiction, and memory potentiation (Maldonado et al., 1996). They also participate
in cellular proliferation and insulin response in the liver (Klemm et al., 1998).

1.5.2 Functions
ZF (it was later confirmed that this ZF was the sZF, one of the four isoforms )
was first identified by its ability to inhibit herpes simplex virus (HSV) replication
through the binding with host cellular factor 1 (HCF-1), a transcription factor that is
required for HSV replication (Lu & Misra, 2000). sZF has been shown to inhibit the
activity of a host cell factor binding transcription factor called Luman (Misra et al.,
2005). Luman is structurally similar to ATF6, and it has the ability to bind and
activate the unfolded protein response element (UPRE). Luman is belie ved to be
involved in the UPR, but little is known about its role (DenBoer et al., 2005).
The full length ZF (long isoform, lZF) can act as a co-regulator to enhance or
repress the transcriptional activities of different nuclear receptors such as estrogen,
constitutive androstane and glucocorticoid receptors in a cell type specific manner
(Xie et al., 2008). Each isoform may be associated with distinguishably different
functions (Xie et al., 2008; Xie et al., 2009; Li, 2008). However, many researchers
might not be aware that Zhangfei has more than one protein isoform and the
isoforms were not specified in their studies. This makes the classifications of ZF
functions by isoforms very difficult.
ZF (isoform unspecified) is also involved in the induction of nerve growth
factor receptor, trkA, in medulloblastoma cells, causing their differentiation or
apoptosis (Valderrama et al., 2008). Misra et al. (2011) concluded that ZF (isoform
unspecified) has the ability to inhibit cAMP responsive element-binding protein H
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(CREBH) mediated transactivation. CREBH plays an important role in regulating
glucose metabolism and iron metabolism in the liver (Vecchi et al., 2009).
Recently, two more isoforms of ZF were discovered in our laboratory. These
two isoforms are known as the long-tail Zhangfei (ltZF) and short-tail Zhangfei (stZF)
(Li, 2008). These isoforms are shown to be transcriptional activators of the proapoptotic CHOP protein through a CCAAT enhancer binding protein (C/EBP)-ATF
site in the CHOP promoter. Overexpression of ltZF and stZF activate CHOP and
may promote apoptosis (Li, 2008). Zhang and colleagues (2010) demonstrated that
mRNA and protein levels of ZF were induced by amino acid deprivation in canine
MDCK cells. However, the authors did not specify whether this isoform was sZF or
stZF. They further argued that the ZF have a sequence similar to the amino acid
response elements (AAREs), which responds to amino acid limitations.

1.5.3 Structure and regulation
ZF has three regions, a basic domain-leucine zipper (bZIP), an acidic
activation domain and a HCF-1-binding motif (HBM) (Lu & Misra, 2000) (Figure 6).
ZF cannot bind target promoter by itself. It must heterodimerize with other
transcription factors through the basic leucine zipper domain to regulate downstream
genes (Hogan et al., 2005; Cockram et al., 2005). One study showed that ZF
interacts with ATF4 in the transactivation of the cyclic AMP response element
(Hogan et al., 2005). The current GenBank entry of the ZF gene (GeneID: 58487)
shows that it encodes for a polypeptide of 353 amino acids. In fact, data from our
laboratory suggest that ZF has four isoforms, two dominant forms and two other
forms generated by alternative splicing (Li, 2008).

23

The gene listed in the entry of GenBank is the full length long isoform (lZF),
which gene product is believed to be the most commonly found in mouse tissues and
cell lines tested by previous studies (Xie et al., 2008). The second most dominant
isoform is the short isoform (sZF). Gene products of sZF are detected
predominantly in mouse livers (Xie et al., 2008). Li and colleagues (2008) proposed
a mechanism for the expression of the lZF and sZF. Similar to ATF4 and CHOP
genes, ZF has more than one start codon. ZF has 2 AUG (start codons) in its Nterminus; they are 82 amino acids apart. It has been proposed that the translation
of lZF starts from the first AUG and sZF initiates at the second AUG.
There are two more isoforms, the long-tail ZF (ltZF) and short-tail ZF (stZF).
The tailed isoforms are produced by the splicing of a conserved 213-base region of
the mRNA. The splicing will remove the original stop codon, but adds on five extra
amino acids (IFFFR) to the C-terminus, which makes up the pentapeptidyl tail (Li,
2008). The tailed isoforms, especially stZF, seem to get induced only when the cells
undergo prolonged ER stresses (Li, 2008). However, the functional and structural
role of the pentapeptide tail in the UPR is not known. According to the National
Center for Biotechnology Information (2012), these tailed isoforms are believed to be
the substrates of a mechanism called the nonsense-mediated mRNA decay (NMD)
under normal conditions.
The NMD serves two important functions. First, it acts as a quality control
mechanism to degrade and eliminate useless or potentially harmful mRNA from
being translated, thus protecting the cells from these erroneous transcripts (Lareau
et al., 2007). Synthesis of eukaryotic mRNA is a highly regulated step-wise process,
it involves splicing (intron removal), capping (adding the 5’ CAP), polyadenylation
(adding the 3’ polyA tail) and other forms of modifications (Bashyam, 2009;
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Rebbapragada & Lykke-Andersen, 2009; Lareau et al., 2007). There are many
sources of errors in the synthesis of eukaryotic mRNAs. A mRNA surveillance
mechanism is needed to monitor the quality of transcripts. Recently, more
researchers believe that the NMD has evolved as a process to regulate gene
expression. Different gene products or isoforms translated from a single gene can
be generated by alternative splicing or other forms of post-translational modification
(Grandemange et al., 2009). These isoforms may serve distinguishably unique
functions under different circumstances, and NMD can act as a regulatory
mechanism for their gene products (Grandemange et al., 2009; Isken & Maquat,
2008; Li, 2008). The translation of ATF4 transcript is one of the examples.
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Figure 6. Protein structure of Zhangfei (ZF)

The upper panel is the schematic diagram showing the amino acid sequence of ZF
and the lower panel shows the four protein isoforms. The long isoform (lZF) is
translated from the first start codon. The short isoform (sZF) results from translating
the second start codon (the two start codons are represented by the arrows). If
ribosome bypasses the original stop codon (not shown), five extra amino acids
(IFFFR) will be added to the C-terminus, producing the long-tailed and short-tailed
isoforms (ltZF and stZF). All isoforms have the above basic structure. Similar to
other transcription factors, ZF has the basic leucine zipper that is capable of
dimerizing with other transcription factors and binds to DNA. Following DNA binding,
ZF can exert its influence on the expression of another gene through its activation
domain. The tailed isoforms are proposed to be induced by cellular stress, but the
functional role of the pentapeptide tail is not known (Taken from Li, 2008).
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Chapter 2: Objectives
The current study focuses on stZF, one of the four isoforms of ZF. This
isoform has been previously found to have ability to increase the transactivation of
CHOP promoter, and hence, it may have the ability to promote apoptosis. The
current study attempts to answer the four research questions below.

2.1 Induction of stZF by ER stress
Zhang and her colleagues (2010) demonstrated that mRNA and protein of
stZF can be induced under Leucine deprivation conditions in Madin-Darby Canine
Kidney (MDCK) cells. However, the authors did not investigate whether stZF can be
induced by ER stress resulting from misfolded or unfolded proteins. Previous study
showed that protein of stZF could not be detected in HeLa cells under ER stress (Li,
2008), and one suggested reason was the instability of stZF in stressed cells. Li
further advised that a variety of cells should be used to study the relationship
between the expression of endogenous stZF and ER stress. The present study
investigates the induction of ZF by introducing ER stress to various cell lines.

2.2 Stability of ZF under prolonged ER stress
Li (2008) concluded that ZF (especially stZF) may play a role in the proapoptotic PERK pathway of the UPR. We understand that apoptosis is the last
resort if the ER stress cannot be resolved, after a long lapse of time. This implies
that successful induction of ZF may not be enough to exert its transactivation effect
on CHOP, a gene that is induced at the late stage of UPR. ZF must be stabilized
under prolonged ER stress and its presence in the late stage of UPR (the time point
that apoptosis is initiated) is essential. The second objective of the current study is
to examine stability of stZF under prolonged ER stress.
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2.3 Overexpression of stZF and CHOP
Li (2008) argued that stZF may promote apoptosis by increased
transactivation of CHOP (Figure 7). However, it was not clear whether the
overexpression of stZF would increase the protein expression of CHOP (Figure 7).
By using various cell lines, the present study attempts to explore the effect of stZF
overepxression and the protein level of CHOP at different time points of the UPR.
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Figure 7. Overexpression of stZF and CHOP induction

In figure A, HeLa cells were transfected with the plasmids expressing the four ZF
protein isoforms and the empty-vector control pcDNA, followed by 24 hours of
tunicamycin treatment at the concentration of 2ug/ml (black bars). Untreated cells
(white bars) were included in the same figure for comparisons. Transactivation
(transcriptional level) of CHOP promoter was measured by dual luciferase assay.
Reporter activity was calculated as relative luciferase activity (firefly luciferase /
Renilla luciferase) to normalize against variability in transfection efficiency. Only
cells overexpressing the tail-isoforms stZF (sZF-IF3R) and ltZF (lZF-IR3R) would
increase transactivation of CHOP, especially stZF. In figure B, protein level of BiP
(the master sensor of UPR) was greatly increased in HeLa cells treated with
tunicamycin and this implied the activation of UPR. Expression of the four protein
isoforms of ZF were confirmed in the same figure. However, whether
overexpression of stZF had an effect on CHOP protein level was not clear (Taken
from Li, 2008).
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2.4 Overexpression of stZF and apoptosis
Li (2008) revealed that overexpression of stZF could induce apoptosis by
using caspase assay (Figure 8). The last objective of the current study is to verify
the ability of stZF to induce apoptosis in various cell lines by using various molecular
techniques.
The current study hypothesized that stZF can be induced and stabilized by
ER stress, and it promotes apoptosis and reduce cell viability through increasing the
protein expression of CHOP.
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Figure 8. Overexpression of stZF and apoptosis

In figure A, HeLa cells were transfected with stZF (sZF-IF3R) or pcDNA as controls,
followed by treatments with three ER stressors: tunicamycin (Tm), thapsigargin (Tg)
and staurosporine (STP). Caspase-3 assay demonstrated that overexpression of
stZF could induce expression of caspase-3, an early marker of apoptosis. In figure
B, western blot confirmed protein expression of stZF. The induction of BiP confirmed
UPR activation. However, whether overexpression of stZF had an effect on the
protein level of CHOP was not clear (Li et al,. 2008).
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Chapter 3: Methods and Materials
3.1 Common reagents and chemicals
All reagents and chemicals used in the current study were purchased from
Fisher Scientific, unless otherwise noted. Restriction enzymes were purchased from
New England Biolabs. Polymerase chain reaction (PCR) was performed using
Platinum® PCR SuperMix (Invitrogen).

3.2 DNA constructs
All plasmids carrying the four ZF isoforms were made by Yu Li, a former lab
member. The cDNAs were generated by RT-PCR and cloned into the EcoRI/XhoI
site of pcDNA3.1 (Li, 2008). All ATF4 plasmids and GFP plasmid were purchased
from Santa Cruz Biotechnology.

3.3 Cell culture, transfection and ER stress treatment
HeLa and human embryonic kidney (HEK) 293 cells were cultured in
Dulbecco’s Modified Eagle Medium (high glucose; Gibco) supplemented with 10%
(v/v) fetal bovine serum (Invitrogen) and 1% (v/v) penicillin/streptomycin (Lonza).
Mouse embryonic fibroblast (MEF) and RAW264.7 (mouse macrophage) cells were
cultured in Dulbecco’s Modified Eagle Medium (high glucose; Gibco) supplemented
with 10% (v/v) fetal bovine serum (Invitrogen) , 1% (v/v) penicillin/streptomycin
(Lonza), 1% MEM Non-essential Amino Acid Solution (100×) (Sigma-Aldrich) and
0.1% Beta-Mercaptoethanol (Fisher Scientific). PEER (human lymphoid) cells were
cultured in RPMI1640 (Gibco) supplemented with 10% (v/v) fetal bovine serum
(Invitrogen), 1% (v/v) penicillin/streptomycin (Lonza) and 2mM L-glutamine (Gibco).
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All cells were maintained in T-75 (75 cm2) flasks at 37°C in a 5% CO2 atmosphere
and passaged every 2-3 days.
Prior to transfection, cells were seeded into six-well plates, 96-well plates, 6cm dishes or 10-cm dishes with 100ul, 2ml, 5ml or 10ml of growth media
respectively. For transfection using FuGENE® HD (Roche), cells were grown to 75%
confluency prior to the transfection. Media was changed 12 hours post-transfection.
In the case of transfection using Xfect™ (Clontech), cells were grown to 50%
confluency prior to the transfection. Media was changed 4 hours (HeLa, PEER and
HEK293 cells) or 8 hours (MEF and RAW264.7 cells) post-transfection. Cells were
allowed to grow until they reached 80-85% confluency before exposing them to ER
stressors.
The current study introduced ER stress to the cells by using chemical
treatments. The thapsigargin (Tg) is a non-competitive inhibitor to the enzyme sarco
/ endoplasmic reticulum Ca 2+ ATPase, causing the enzyme to lose its ability to pump
calcium into the cell. The disruption of Calcium ion concentration will activate the
UPR (Shen et al., 2004). Two mM of Tg (Calbiochem) was added to the growth
media to activate UPR. Tunicamycin (Tm) is an antibiotic that prevents the
glycosylation of newly synthesized protein. Glycosylation is an important posttranslational modification of proteins, accumulation of nonglycosylated proteins can
lead to ER stress and the activation of the UPR (Mizrahi & O'Malley, 1981). Cells
were treated with 2ug/ml of Tm (Sigma-Aldrich) to activate UPR, and a concentration
of 5ug/ml or higher was used to promote apoptosis. Untreated and treated cells
were harvested at the end of treatment.
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3.4 Cell preparation and protein quantification
Mammalian cells were harvested and collected in two methods. If dead cells
or cells that were not attached to the culture plate were not needed, cells were briefly
rinsed with cold 1xPBS once and discarded. One ml of 1XPBS was added to the
plate and a rubber policeman was used to gently scrape and harvest the cells. Cells
in 1xPBS were centrifuged at 5000 rpm for four minutes and the supernatant was
removed by pipetting. 50ul to 100ul of cell lysis buffer (50 mM HEPES (pH 7.5), 150
mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM
NaPPi, 100 mM NaF) with protease and phosphatase inhibitors (1 mM sodium
orthovanadate, 1 mM PMSF, 10 ug/ml aprotinin, and 10 ug/ml leupeptin) was added
to the collected cells. Cells in lysis buffer were vortexed briefly and subjected to
sonication for three second to ensure the lysis was complete. Cell lysate was then
immediately quantified or frozen at -80°C.
For analysis involving dead cells or cells that were not attached to the culture
plate, the growth media was first collected and centrifuged at 5000 rpm for four
minutes. One ml of trypsin was added to the culture plate and cells were trypsinized
for 5 minutes. Tryspinized cells were centrifuged at 5000 rpm for four minutes and
the trypsin was removed by pipetting. Half ml of cold 1XPBS was added to the cells
collected from the growth media and cells collected from trypsinization respectively.
Cells in 1xPBS were combined and centrifuged at 5000 rpm for four minutes. Cell
lysis procedures were detailed above. Protein quantification was determined by
using the Thermo Scientific BSA Protein Assay in a 96-well plate, according to
manufacturer’s instructions.

36

3.5 Western blotting and immunoprecipitation
Detection of CREBZF was performed using monoclonal anti-ZF (mouse) and
polyclonal antibodies Rb6 and 1486.4 (rabbit) raised against the four isoform of ZF.
All antibodies were purchased from Santa Cruz Biotechnology. Other primary
antibodies used include: a polyclonal ATF4/CREB-2 (rabbit; clone C-20; Santa Cruz
Biotechnology), a polyclonal CHOP antibody (mouse; Santa Cruz Biotechnology), a
polyclonal BiP/GRP78 antibody (rabbit; clone C-20; Santa Cruz Biotechnology), a
polyclonal caspase 3 antibody (rabbit; clone M-20; Biomol) and a β-actin monoclonal
antibody (mouse; clone AC-15; Sigma-Aldrich). Secondary antibodies used for
immunoblotting were Anti Rabbit-HRP (Promega) and Anti Mouse-HRP (Promega).
Prior to the analysis of cell samples using Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), equal volume of Laemmli 2× SDS
Sample Buffer (4% SDS, 20% glycerol, 0.125M Tris-HCl pH 6.8, 0.004% (w/v)
bromophenol blue, 10% (v/v) 2-mercaptoethanol) was combined to the cell lysate to
create the loading sample. The sample was heated at 95°C for ten minutes,
followed by briefly vortexing and centrifugation. SDS-PAGE was performed using
the Mini-PROTEAN® 3 Cell system (Bio-Rad). Polyacrylamide gels were made
following standard Laemmli recipes (4% acrylamide stacking and 12% acrylamide
resolving). Blots were photographed using a ChemiDoc™ XRS+ system (Bio-Rad)
or by film (Kodak).
For western blots that were done in non-denaturing conditions, sample buffer
and polyacryamide gel were prepared using the procedures outlined above.
However, Sodium dodecyl sulfate (SDS) was omitted from the cell lysis buffer,
sample buffer and polyacrylamide gel. 2-mercaptoethanol was omitted from the
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sample buffer. Both reagents have powerful protein reducing properties
(Carrascosa et al., 1991; Thomas et al., 1976)
For the detection of endogenous ZF, immunoprecipitation was performed by
using Dynabeads® Protein G beads (Invitrogen) as per manufacturer’s instructions.
105 micrograms of total protein were added to the beads, protein concentration was
quantified by BSA Protein Assay. Two micrograms of monoclonal anti-ZF (mouse)
was used in the immunoprecipitation, and polyclonal 1486.4 antibody (rabbit) was
used in western blots.

3.6 DNA fragmentation (laddering) assay
Cells were collected by the trypsinization method outlined above. Cells were
incubated at 50°C for 5 hours with gentle agitation in 500ul DNA laddering buffer
(NaCl 75mM, EDTA 25mM, SDS 1%, proteinase K 200ug/ml). Following incubation,
6M warmed NaCl was added to the cell lysate to achieve a final NaCl concentration
of 1.5M. One volume of chloroform was added to the sample followed by gentle
inversion to mix the sample. The sample was centrifuged at 11,000 rpm for five
minutes to separate the aqueous/DNA layer from the interphase and organic layers.
The DNA layer was carefully transferred into a new tube and 1 volume of
isopropanol was added. The sample was mixed, and centrifuged at 13,000 rpm for
five minutes to precipitate DNA pellet. The DNA pellet was washed by 80% ethanol
and re-precipitated. DNA pellet was air-dried for five minutes and 50ul of TE8.0
buffer (10 mM Tris (pH 8.0), 1 mM EDTA) was added. RNase (10ug/ml) was
immediately added to the sample before incubating DNA sample in 37°C water bath
for 5 hours. DNA concentration was determined by Nanodrop8000 as per
manufacturer’s instructions. Genomic DNA was analyzed using 15% agarose gel.
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3.7 Cycloheximide (CHX) chase assay
To investigate the stability of stZF under ER stress, HEK 293 cells were
transiently transfected as discussed earlier. At 24 hour post-transfection, fifty
percent of cells were treated with 5ug/ml of tunicamycin (Tm). Twenty-four hours
after the addition of Tm, cells were treated with 50ug/ml of cycloheximide (SigmaAldrich) for different lengths of time. Untreated and treated cells were harvested at
the same time by the trypsinization method. Cycloheximide is a chemical that
inhibits protein synthesis in eukaryotes and it’s often used as a tool to study the
stability of proteins (Farber & Farmar, 1973). Western blot was performed to analyze
the expression of proteins.

3.8 Alamar Blue viability assay
Adherent cells were seeded, transfected and treated with 5ug/ml of Tm in 96well plates (the procedures were detailed in chapter 3.3). Two experimental and nocell control samples were used to minimize experimental errors. Five hours prior to
the measurement of fluorescence, media was completely aspirated by suction.
180ul of pre-warmed media and 20ul of Alamar Blue working solution were added to
the wells. The plates were maintained at 37°C in a 5% CO 2 atmosphere. The
plates were allowed to equilibrate to room temperature for 20 minutes prior to the
measurement of fluorescence. This is because fluorescence intensity is sensitive to
temperature (Nakayama et al., 1997). The fluorescence was measured by using the
Bio-tek FLx800 Microplate Fluorescence Reader at a wavelength of 570nm. Alamar
Blue working solution was prepared by dissolving Resazurin Sodium salt (sc206037A; Santa Cruz Biotechnology) in Hank's Balanced Salt Solution (GIBCO) to
prepare a 5mM working solution. The working solution was sterilized by syringe
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filters and stored at 4°C. Data from Alamar Blue viability assay was analyzed by
independent-samples (student’s) t-test. A significance level of 0.05 was used.

Chapter 4: Results and discussion
4.1 stZF can be induced in various cell lines by tunicamycin
treatment
Previous study in our lab (Li, 2008) failed to detect the induction of stZF in
HeLa cells treated with 2ug/ml of Tm for 24 hours. The present study treated human
cells (HeLa and HEK293) and mouse embryonic fibroblast (MEF) with 2ug/ml of Tm
for different lengths of time. The choice of Tm concentration was based on the
evidence that HeLa cells would commit apoptosis after 24 hours of treatment (Li,
2008).
Immunoprecipitation was performed to precipitate stZF from cell samples.
This procedure is commonly used for proteins that are induced in the UPR. These
proteins may not be needed in large quantity to exert their functions, and thus, their
presence may be hard to detect in conventional western blots (Imai et al., 2000;
Kaneko et al., 2002). In figure 9, stZF induction was evident in MEF cells treated for
24 and 48 hours (especially in wild-type and CHOP knock-out cell). It should be
noted that this study employed ATF4 and CHOP knock-out MEF cells as negative
controls for ATF4 and CHOP.
Among the two human cell lines tested, stZF could be consistently induced in
HEK293 cells only, but not in HeLa cells, despite the repeated effort. One possible
explanation is that, among all cell lines tested in this study, HeLa was the only cell
line that derived from cervical cancer. Therefore, HeLa cells may have a higher
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resistance and tolerance to stress treatment. In fact, many studies that employed
HeLa as a model to study ER stress would use a much higher concentration of Tm
(a concentration of 10ug/ml or higher would be often used). Also, it’s uncommon to
use Tm as a sole ER stressor to induce apoptosis in HeLa (Cox, 1981; Llewellyn et
al., 1996; Xu et al., 2012). Due to the time limitation of the current study, induction of
stZF in HeLa cells was not replicated by using a higher concentration of Tm.
Figure 9 shows two batches of HeLa cells from an identical clone. HeLa (1)
cells went through more passages than HeLa (2) cells. The reason to include the
“fresh” HeLa (2) cells is to eliminate the possibility that HeLa’s high resistance to
stress treatment is due to its adaptation to the culturing conditions.
Strong induction of stZF was found in RAW264.7 (mouse macrophage) cells.
However, the RAW264.7 cells were subjected to different experimental conditions
from the other cell lines tested here. First, RAW264.7 cells were treated with Tm at
a concentration of 5ug/ml, as the current study found that this is the minimum Tm
concentration which consistently induced apoptosis in RAW264.7 cells. Secondly,
the cell lysates for western blotting were prepared in non-denaturing conditions (refer
to the methods and materials section), as we found that the success rate of detecting
the protein of stZF would be higher if the protein is in its native conformation.
It should be noted that this study did not intend to use the RAW264.7 cells at
the beginning. However, high level of ZF protein (33kDa, the size of stZF) was found
in the mouse blood samples tested in the laboratory. This led us to suspect that
endogenous stZF might be expressed in mouse macrophages. In conclusion, the
present study suggested that stZF can be induced by ER stress in various cell lines.
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Figure 9. Induction of stZF in various cell lines by tunicamycin treatment

HeLa, HEK293, MEF cells were treated with 2ug/ml of Tm and RAW264.7 cells were
treated with 5ug/ml of Tm at the indicated lengths of time. HeLa (1) cells went
through more passages than HeLa (2) cells, these cells were derived from the same
clone. All cell samples were subjected to immunoprecipitation prior to western
blotting. Antibodies from different species were used in immunoprecipitation
(monoclonal anti-ZF; mouse) and western blotting (1486.4; rabbit) to avoid crossreactivity. Expression of endogenous stZF was induced by Tm treatment in MEF,
HEK293 and RAW264.7 cells, but not in HeLa cells. MEF, HEK293 and RAW264.7
cells were transfected with stZF. Protein of transfected stZF (labeled with “stZF”)
was included in each blot as positive control.

42

4.2 stZF is stable under prolonged ER stress
Results from the previous section showed that stZF can be induced in most
cell lines tested. We predicted that the protein of stZF will be stabilized by ER stress
because its presence is required to promote apoptosis.
To test our hypothesis, HEK293 cells were transfected with stZF and GFP as
a control, followed by treatment with Tm and cycloheximide according to the protocol
outlined in methods and materials section. The reason to employ HEK293 in this
experiment was that, all the mouse cell lines (MEF and RAW264.7) employed in this
study had a much lower efficiency for DNA plasmid transfection. Also, these mouse
cells did not usually express the same amount of protein even though they were
transfected under the same conditions. HEK293 was the most reliable and stable
cell line for transient transfection in the present study.
Figure 10 compares protein stability of stZF in cells that were under normal
condition or under ER stress. Cells transfected with GFP were not treated with Tm
prior to the cycloheximide treatment. The present study does not intent to
investigate stability of GFP protein under ER stress. These cells served as controls
to tell us whether the cycloheximide was working as intended.
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Figure 10. stZF was stable under prolonged ER stress

Total cell lysates were analyzed by western blotting. In panel a, HEK293 cells were
transfected with stZF and half of the cells were treated with 5ug/ml of Tm (indicated
with “+”) for 24 hours prior to the cycloheximide treatment (50ug/ml). Protein of stZF
appeared to be more stable in cells treated with Tm. In panel b, HEK293 cells were
transfected with GFP and treated with 50ug/ml of cycloheximide, but not exposed to
Tm. These cells acted as controls to indicate the functionality of cycloheximide.
Results showed that protein level of GFP decreased as treatment time increased
and cycloheximide was working as intended. In panel c, densitometric analysis for
western blots of cycloheximide chase assay was performed by the software ImageJ.
Relative protein levels at the zero hour time point were set to 100%. Protein
expression was normalized to beta-actin levels. Protein half-life of stZF was 2.5
times longer when the cells were exposed to Tm prior to the cycloheximide
treatment. Results from two independent experiments are shown with standard
deviations.
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In figure 10, higher amount of stZF protein was detected in cells pre-treated
with Tm from the western blot (panel a). Densitometric analysis (panel c) revealed
that protein of stZF degraded slower and had a longer protein half-life under ER
stress. Protein level of GFP decreased steadily as cycloheximide treatment time
increased, this suggests the cycloheximide treatment was working. Protein stability
is affected by a number of reasons. However, there is a limited number of studies
involving the analysis of protein stability.
Yen and her colleagues (2008) used flow cytometry with microarray
technology to track the stability of about 8000 human proteins. Their findings
revealed a number of factors that would associate with protein stability. For
example, longer proteins tend to be more stable. Amino acid composition also plays
a role in protein stability: charged amino acids are enriched in stable proteins.
Amino acids that can be phosphorylated appear to be rich in protein with shorter
half-life. The authors also commented that the use of cycloheximide chase assay
(the traditional method to study protein stability) might not be reliable, as mammalian
proteins have a higher tendency to bind to their biological targets in vitro and be
protected from proteasome degradation. All in all, the factors that affect protein
stability are not well understood.
The main purpose of the cycloheximide treatment was to see whether protein
of stZF would be stabilized under ER stress. Results from figure 10 clearly showed
that protein of stZF was more stable when the cells were pre-treated by tunicamycin.
However, as the time of cycloheximide treatment extended beyond 6 hours, the Tm
treatment has less effect on the stability of stZF protein. In fact, a number of studies
investigated the relationship between cycloheximide and ER stress treatment.
Otsuka et al. (2011) treated human fibroblast cells with bortezomib and Tm, both
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chemicals were used to induce ER stress and increased cytotoxicity to the cells.
Apoptosis was observed after 24 hours of treatment. The authors repeated the
experiment with the same experimental conditions, with the exception that
cycloheximide was combined with bortezomib and Tm in the cell treatment. They
concluded that cycloheximide was able to relieve the ER stress and promoted cell
survival. Harding et al. (2000) delivered Tm treatment to mouse embryonic stem
cells in absence or presence of cycloheximide. The authors concluded that the
translational attenuation effect by cycloheximide could limit proteotoxicity.
The ability of cycloheximide to relieve ER stress introduced by Tm was also
reported in other studies (Thomas and Spyrou, 2008; Szegezdi et al., 2006; Egger et
al., 2007). How cycloheximide relieves ER stress induced by chemical treatments is
not clear. One possible explanation is that cycloheximide can attenuate protein
synthesis. This prevents the formation of new misfolded proteins and allows the cell
to degrade pre-existing misfolded protein. Secondly, a number of studies suggested
that cycloheximide can prevent the activation of the UPR (Elouil et al., 2007; Fels et
al., 2008), and hence inhibit apoptotic pathways associated with UPR.
Cycloheximide may have a counter-effect on Tm. This may explain why Tm did not
stabilize protein of stZF after prolonged treatment with cycloheximide. In conclusion,
results from the present study suggested that protein of stZF might be more stable in
the presence of ER stress.

4.3 Overexpression of stZF increases CHOP protein level under
prolonged ER stress
To examine whether overexpression of stZF can increase the protein level of
CHOP, MEF cells (ATF4 knock-out and ATF4 heterozygous), HeLa and RAW264.7
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cells were transiently transfected with stZF (or pcDNA3.1 as controls), followed by
Tm treatment. The protein level of CHOP was examined by western blotting.
The present study transfected MEF cells and HeLa cells with stZF and treated
them with 2ug/ml of tunicamycin for 3 to 24 hours. Overexpressed stZF did not
seem to have an effect on CHOP protein level in these cell lines (Figure 11, a – c).
For the RAW264.7 cells (Figure 11d), stZF showed no noticeable effect on CHOP
protein level in the first 9 hours of Tm treatment. However, after 17 and 24 hours of
treatment, CHOP protein level was elevated in cells transfected with stZF (Figure
11d, lower panel, lanes 2 and 4 from the left). Note that, the current study
determined that apoptosis could be consistently induced in RAW264.7 cells after 17
hours of Tm treatment at 5ug/ml.
Data from the present study suggested that overexpression of stZF was able
to increase the protein level of CHOP in a time-dependent manner - at the time point
that the cells start to commit apoptosis (figure 12, lower panel). Chu and Chen
(2008) employed techniques from computational biology to combine data generated
from microarray and protein database to construct cancer-perturbed protein-protein
interaction networks of apoptosis. They stated that previous studies which
attempted to create the same networks might be not accurate, as static network
topology is not sufficient to define function, and time-dependent expression data is
important for understanding pathway function. It is very common for stress-related
proteins to interact with each other in a time dependent manner. This may explain
why stZF would upregulate protein level of CHOP after 17 hours of Tm treatment.
The present study could not determine the optimal concentration of Tm and
length of treatment to induce apoptosis in other cell lines. Some MEF cells and
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HEK293 cells did initiate apoptosis after 24 hours of Tm treatment (2ug/ml), but the
data was not consistent. Therefore, results from the present study could not rule out
the possibility that stZF may have the ability to increase CHOP protein level in those
cell lines when the optimal treatment conditions were used.
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Figure 11. Overexpression of stZF increased CHOP protein under prolonged ER
stress

MEF (a and b), HeLa (c) and RAW264.7 (d) cells were transfected with stZF or
pcDNA3.1, followed by Tm treatment (2ug/ml for MEF and HeLa cells, 5ug/ml for
RAW264.7 cells). Total cell lysates were analyzed by western blotting. Two
different lanes are shown below each time point of Tm treatment. Cells from one
lane were transfected with stZF (see the label for “stZF”) and the other lane
transfected with pcDNA3.1 as control. Grp78 expression was assessed as an
indicator of UPR activation. Overexpression of stZF did not affect CHOP protein
level in MEF and HeLa cells (a-c). For RAW264.7 cells (d), overexpression of stZF
increased protein level of CHOP after 17 and 24 hours of exposure to Tm, but longer
exposure did not have the same effect.
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4.4 Overexpression of stZF promotes programmed cell death under
prolonged ER stress
As the only cell line that showed consistently induced apoptosis by Tm
treatment, the link between stZF overexpression and apoptosis was further
investigated in RAW264.7 cells.
In figure 12, western blot revealed that RAW264.7 cells treated with Tm for
less than 17 hours did not induce the active p17/p12 subunits of caspase-3 (an
indicator for early apoptosis), despite the evident activation of UPR. This is
expected, as apoptosis would be committed only if the cells were under prolonged
ER stress. For cells that were treated for 17 and 24 hours, expressions of active
caspase-3 were stronger in cells transfected with stZF. This agrees with the
stronger induction of CHOP protein.
Results from DNA laddering assay are shown in figure 13. As expected,
fragmented DNA was not noticeable in cells treated for 9 hours or less. For
treatments longer than 17 hours, cells transfected with stZF had higher levels of
fragmented DNA than cells transfected with pcDNA3.1. Although cells treated for 48
hours had the highest amount of fragmented DNA, western blot showed that
expression of p17/p12 subunits of capase-3 peaked after 17 and 24 hours of
treatment (Figure 12, lower panel). Note that the induction of fragment DNA does
not necessary correlate with the induction of active subunits of caspase-3. This is
due to the fact that the caspase-activated deoxyribonuclease (CAD), an enzyme
that’s responsible for the cleavage of linked DNA can only be activated by the active
subunits of caspase-3.
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It should be noted that western blotting and DNA laddering assay were also
performed using HeLa, MEF cells and HEK293 (data not shown). Apoptotic markers
were inconsistently detected in HEK293 and MEF cells, but not detected in HeLa,
despite the cells being treated with 10ug/ml of Tm. In conclusion, the present study
revealed that stZF has the ability to promote apoptosis in RAW264.7 cells under
prolonged ER stress.
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Figure 12. Overexpression of stZF promoted apoptosis under prolonged ER stress

Total cell lysates of RAW264.7 were analyzed by western blotting. At each time
point of Tm treatment (5ug/ml), the cells were transfected with stZF (see the label
“stZF”) or pcDNA3.1 as control. Induction of p17/p12 subunits (markers for early
apoptosis) of caspase-3 was observed in cells treated for 17 hours or more. After
17 and 24 hours of treatment, induction of p17/p12 subunits (~11kDa) of caspase-3
was stronger in cells transfected with stZF compared to cells transfected with
pcDNA3.1; this coincides with the induction of CHOP by stZF. In the top panel,
lysates from cells treated with 5ug/ml of Tm for 48 hours were included as positive
controls in the right lane, showing the expression of p17/p12 subunits of caspase-3.
In the lower panel, untreated cells in the right lane did not show the induction of
p17/p12 of caspase-3. These cells served as negative controls.

55

56

Figure 13. Overexpression of stZF promoted cleavage of genomic DNA under
prolonged ER stress

Genomic DNA from the cell lysates in figure 12 were analyzed on agarose gel. 3ug
of DNA was loaded for each lane (quantified by Nanodrop8000). Both gels were
detected together. RAW264.7 cells transfected with stZF (labeled as “st”) showed
higher amounts of fragmented DNA compared to cells transfected with pcDNA3.1
(labeled as “pc”), after they were exposed to Tm for 17 hours or longer.
Fragmentation of genomic DNA is a hallmark for late apoptosis.
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One hypothesis of the current study is that stZF promotes apoptosis through
the upregulation of CHOP protein. CHOP is involved in apoptosis associated with
ER stress (Zinszner et al., 1998; Chiribau et al., 2010). However, direct evidence
showing CHOP actively participates in the process of apoptosis is still lacking
(McCullough et al., 2001; Chiribau et al., 2010). The apoptosis pathway downstream
of CHOP has not been identified or elucidated (Nakayama et al., 2010).
The current study treated CHOP knock-out and wild-type MEF cells with Tm.
Results from figure 14 showed that higher amounts of fragmented DNA were
detected in the wild-type cells compared to the CHOP knock-out cells. This
suggests that CHOP is directly involved in apoptosis associated with ER stress, and
thus, stZF probably promotes apoptosis through its induction of the CHOP gene.
Results from the present study confirmed a role for stZF in the CHOPapoptosis pathway. It is unclear whether stZF involves in other apoptotic pathways
related to ER stress. To answer this question, the current study attempted to
transfect CHOP knock-out MEF cells with pcDNA3.1 or stZF, so that apoptotic
assays could be performed. Despite the repeated attempts, western blots failed to
detect protein expression of stZF. This may be due to the low transfection efficiency
of MEF cells.
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Figure 14. CHOP was directly involved in apoptosis associated with ER stress

Three microgram of genomic DNA from CHOP knock-out (indicated with “-“) and
wild-type MEF (indicated with “+”) cells were analyzed on agarose gel. These cells
were treated with 5ug/ml of Tm for the indicated lengths of time. Treated CHOP
wild-type cells had higher amounts of fragmented DNA compared to CHOP knockout cells. This implies CHOP plays a direct role in apoptosis related to ER stress.
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4.5 Overexpression of stZF reduces cell viability under prolonged
ER stress
The present study confirmed that overexpression of stZF promotes apoptosis
through the activation of CHOP gene. Alamar Blue viability assay was performed to
evaluate overexpression of stZF and its effects on cell metabolism and viability.
It should be noted that many researchers performed Alamar Blue viability
assay in different ways and their protocols varied considerably. O'Brien and
colleagues (2000) stated that improper use of Alamar Blue viability assay could lead
to an overestimation or underestimation of cell population. For example, many
researchers introduced ER stressor and Alamar Blue into the cell media at the same
time. This may lead to an overestimation of cell population, because Alamar Blue
may get reduced to resorufin before the cells commit apoptosis. Resorufin is very
stable and has a half-life of approximately 10 days. The authors also suggested that
incubation time of Alamar Blue should be carefully determined according to cell lines,
cell confluency and culturing conditions. Studies reported that many slow growing
cells under stress treatments could reduce a detectable amount of Alamar Blue
within one hour (O'Brien et al., 2000; Uzunoglu et al., 2010). However, cells with a
fast metabolic rate might be able to reduce all Alamar Blue (10% from total media) in
24 hours (Uzunoglu et al., 2010; Nakayama et al., 1997). The present study
determined that the optimal incubation time with Alamar Blue for the RAW264.7 cells
was 5 hours and the experimental procedures were detailed in the method sectio n.
Panel a from figure 15 confirmed the hypothesis that overexpression of stZF
would decrease cell viability under prolonged ER stress. An independent-samples ttest was conducted to compare cells expressing stZF and control cells. Significance
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difference was found in 6-hour time point (p=0.049), 17-hour time point (p=0.00047)
and 24-hour time point (p=0.027). In panel b, relative survival rate of RAW264.7
cells was normalized and untreated cells were assumed to be fully viable. It took 33
hours to reduce 50% of viable cells in cells transfected with pcDNA3.1, but only 24
hours for cells expressing stZF. The most dramatic decrease in fluorescence
intensity occurred between the 9-hour and 17-hour time point – about 35% from cells
expressing stZF and 5% in cells transfected with pcDNA3.1. This could be due to
the increased induction of CHOP by stZF after the cells were exposed to Tm for a
prolonged period of time (see protein expression of CHOP in figure 12). DNA
laddering assay from figure 13 also suggested that higher number of cells committed
apoptosis in cell overexpressing stZF at the 17-hour time point. In conclusion,
results from the Alamar Blue viability assay agreed with results presented earlier in
the current study.
From panel a of figure 15, the results also suggested that untreated cells
expressing stZF had a lower fluorescent reading than the control cells (pcDNA3.1).
Similar observations were made in other research involving the analysis of stressrelated genes (Johnson et al., 2011). One possible explanation is that the cells
seeded into 96-well plate were constantly handled such as change of media,
frequent transfer and plasmid transfection. All these factors might lead to extra
stress to the cells so that stZF might exert its effect in apoptosis. In addition, stZF
may participate in apoptotic pathway which is not related to CHOP.
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Figure 15. Overexpression of stZF reduced cell viability

Panel a. Alamar Blue viability assay shows the relationship between fluorescence
intensity (cell viability) and length of Tm treatment in cell transfected with stZF or
pcDNA3.1. Cells overexpressing stZF had lower cell viability at all time points of
treatment compared to cell transfected with pcDNA3.1. Significant difference in cell
viability were detected in cells treated for 6 hours (p=0.049), 9 hours (p=0.00047)
and 17 hours (p=0.027) by using the student’s t-test. Panel b. Fluorescent readings
were normalized to percentage, and cells measured at zero time point were
assumed to be fully viable. Overexpression of stZF reduced survival half-life from
33 hours (controls – cells transfected with pcDNA3.1) to 24 hours. Three
independent experiments were performed and standard deviations were included in
all graphs. Panel c, total cell lysates from the Alamar Blue viability assay were
probed by 1486.4 (anti-ZF) and analyzed by western blots. The results confirmed
the protein expression of stZF in cells transfected with stZF. Both blots (stZF and
pcDNA3.1) were detected by the ChemiDoc™ XRS+ system (Bio-Rad) for same
amount of time.
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Chapter 5: Conclusions and future directions
Li (2008) demonstrated that stZF could bind to the CHOP promoter and
increase the expression of CHOP at mRNA level. CHOP plays a major role in the
PERK pro-apoptotic pathway of the UPR, and thus, he further suggested that stZF
might have the ability to promote apoptosis through activation of CHOP.
The present study revealed that stZF can be induced by prolonged ER stress
in MEF cells, HEK293 and RAW264.7 cells. RAW264.7 cells showed the strongest
induction of stZF by Tm treatment. The protein of stZF appeared to be more stable
in the presence of ER stress, as revealed by cycloheximide chase assay.
The current study also investigated the link between overexpression of stZF
and the induction of CHOP protein. stZF did not seem to have any noticeable effect
on the CHOP protein expression before the cells started to commit apoptosis. In
RAW264.7 cells transfected with stZF, CHOP protein expression level elevated at a
time point when the cells started to initiate apoptosis (17-24 hours post stress
treatment). However, these results could not be replicated in other cell lines
(HEK293, MEF and HeLa). This could be due to their higher tolerance to stress
treatment or perhaps optimal treatment conditions were not used. The present study
further investigated the relationship between overexpression of stZF and apoptosis
by using DNA, protein and cell viability analyses. All the results suggested that
overexpression of stZF would promote apoptosis.
In conclusion, the present study confirmed a role for stZF in the PERK proapoptotic pathway of the UPR. stZF can be induced by ER stress and the protein is
stabilized by ER stress. It also increases the expression of CHOP protein and it has
the ability to promote programmed cell death through the induction of CHOP.
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However, many questions about the functional role of stZF in the UPR and its
biological functions remain unanswered.
Due to the time limitation of the present study, the link between stZF
overexpression and apoptosis could not be further explored in other cell lines. The
precise time point that stZF promotes apoptosis is not clear. It is not known whether
overexpression of stZF would advance apoptosis in cells under ER stress. Future
study may want to explore stZF’s involvement in other apoptotic pathway which is
not associated with CHOP. stZF can not bind to DNA as a monomer, it must
dimerize with another transcription factor. However, its binding partner in the
transactivation of CHOP has not been identified. Despite the fact that stZF and sZF
have the exact same DNA sequence (except for the addition of 15 nucleotides at the
C terminus), sZF does not seem to have the ability to induce CHOP. The functional
role of the pentapeptide “tail” and how it affects protein stability should be
investigated by future study.
ZF has the ability to inhibit replication of Herpes virus and stZF may play a
role in the immune system, as endogenous stZF can be easily induced from
macrophages such as RAW264.7 by ER stress treatment. Recently, researchers
confirmed the presence of ZF mRNA in peripheral blood mononuclear cells from
operationally tolerant kidney transplant patients, suggesting ZF may influence
immune cell behavior in the context of transplantation (Racapé et al., 2011). The
fact that ZF mRNA and protein were found in mouse and human blood is a strong
indicator that ZF may have some biological functions in the immune system. This
should be investigated by future study.
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